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ABSTRACT 

The phene loxidases of the diplopods Chicohvlus sp, and Rhapidostreptus virgator occur in the hemolymph as 
proenzyme, pro phenoloxidase (ptbPO). It can be activated in vitro by incubation wilh ethanol or methanol whereas 
ehymotrypsin only activates the proPO of Rhapidostrepnts. Microbial substances have little effect on the proPO of both 
species. Dupa showed to be a good substrate, dopamine and pyrogallol were Less, tyrosine and others hardly converted at 
all. PhenyUhiourea is a potent inhibitor. The pH optimum was about pH7 in both species. In 5DS-PAGE the proPO had a 
molecular weight of about 230 kDa in both species and in Uthahius forfiattus. The proPO is located in the grana ol the 
two types of granular hemocytes but not in the plasmalocytes, Microbial substances and other material (glass, sephadex., 
latex beads) did not induce exocvLosis and activation of the proPO but it is activated during wound clot formation fas 
shown by metanisation of the clot). Thus the activation mechanism of this defence system is somewhat different from 
that of Insects and crustaceans and may be involved in antimicrobial defence at wound margins 

RESUME 

La phenoloxydase de Phemolymphe des dipiopndes* 

La phenoloxydasc des diplopodes Chicoholus sp. ei Rhapido$t reputs \tirgator exists dans I hemolymph e en tant que 
proenzyme de la phenol oxydase (proPO). Pile pent etre aetivee in vitro par I'ethanol cl le methanol, tandis que la 
chymotrypsine active uniquement cede de Rhapidosijrepiiis. Les substances niicrobiennes ont ires peu deflet sur les 
proPO des deux espfcces. La dopa s'avfere etre un bon substrat. tandis que la dopamine et Le pyrogallol le sotii moms. En 
revanche, la tyrosine et d'uutres substances ne sent pour uinsi dire pas metabolisees. La phenylthiouree conviem 
parfaitement com me substance inhibitrice. La valeur optimale du pH esl pH 7 Dans le 5DS-PAGE, la proPO des deux 
esp&ces. de memc que celle de Lithohms forficarus, a un poids moleculaire denviron 230 kDa, File est surtout localisee 
dans les grana des deux types d'hemocytes gramdaires, mats elle manque dans les plasmocytes. Des substances 
microbiennes et d autres matenaux (verre, grains de sephadex et de latex), tie provoquent pas I exocytose des grana 
contenant la proPO mais sont actives pendant la cicatrisation feomme on peut le depister dans la melamsatiom. 
Apparemment, Les mecanismes d'activaiion de ee systeme immunologique son! dilferents de ceux des insectes et des 
crustac£s , ils sont probablemem impliques dans la defense antimicrobienne qui se developpc au bords des plaies. 

INTRODUCTION 

The phenoloxidase (PO) from the hemolymph of arthropods and the enzymes involved in 
its activation play an important role in immune defence responses. In many arthropods, they are 
stored in the hemoevtes as inactive zymogen, the prophenoloxidase (proPO). Once set free by 
exocytosis the enzyme becomes '‘sticky" and attaches to the surface of foreign particles where 
the activation of the proPO and subsequent formation of melanin occurs (SODERhAll, 198_). 
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The immune defence reactions in which ihe hemolymph PO is involved comprise synthesis of 
bacteriostatic and fungicide intermediate products of melanin formation, opsonization, melanin 
deposition on the surfaces of metazoan and protozoan parasites, and wound closure (ASHIDA & 
YAMAZAKI, 1990; CHADWICK & ASTON, 1978; GOTZ& VEY, 1974; PYE, 1974; RATCLIFFE et 
al ’ 1984; VEY & GoTZ. 1975). This paper presents the results of investigations on the 
hemolymph PO ot two diplopods (Rhapidostreptus virgator and Chieobolus sp.). 


MATERIAL AND METHODS 

Two diplopods (Chicoboius sp. and Rhapidosirepius vngaior) were reared and hemolymph was obtained 
following the description given by XYUNDEfc & Nevermann [1990), The methods of PO investigations in the in-vitro- 
system (see Fig 1), the calculation of PO-activity and the preparation of SDS-PAGE under non-reducing conditions were 
described in detail by XYLANDER & BOGLiCH (1992). The procedure of demonstration of intracellular proPO in the 
hemoevtes was presented by Xyl.ander & Ne verm ANN (1993). 




measiirfiinBnt of extinction 
at 49fc* nm for 
30 m in Dr lh 



Ftg. I. — Procedure of in-vitro-measurement of PO activity. 

RESULTS 

In-vitro-activity 

n a? ) ^ in - vitro : activ dy ot the phenoloxidase (PO) without anv activator is comparatively low 
U.P5 [ml-! nun-i] in Rhapidostreptus (XYLANDER & BOGUSCH, 1992) and 0.133 fmhi min-ij 
in Chieobolus (Fig. 2). This means that the PO occurs in the hemolvmph as inactive zymogen 
the prophenoloxidase (proPO). The level of PO-activity in the hemolymph depended on the 
season, it was generally higher in summer (during the main period of activity) than in winter. 


Source MNHN, Parts 
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Tlie proPO can be activated by incubation of hemolymph with organic solvents (e. g. 
ethanol, methanol, SDS) and proteases (a-chymotrypsin) for 10 min; maximum activity (the 
highest activity measured) was generally higher in Rhapidostreptus than in Chicobolus , 
however, the relative increase in activity after activation (activity without activation = 1) was 
higher \n Chicobolus (compare Figs 2 & 3). Ethanol is the best activator tested and raises the 
PO-activity 20times (in Rhapidostreptus) to 35times (in Chicobolus ; A = 7.42; see Figs 2 Sc 3). 
Methanol is a less efticicni activator than ethanol in both species, -chyroolrypsin is a good 
activator in Rhapidostreptus but shows only little effect in Chicobolus (Figs 2 & 3). 


FtG, 2, — Absolute iiwilm-aetivity of the 
hemolymph ot Rhapidostreptus 
vir gator ami Chicobolus sp without 
and with application of various 
potential activators. 
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Fig, 3. — Relative in-vitro-activity of the 
hemolymph of Rhapidostrepuis 
virgator and Chicobolus sp. without 
and with application of various 
potential activators (activity 
without activator = 1), Note that the 
relative activity increase in 
Chicobolus is higher than in 
Rhapidostreptus although the latter 
has a higher absolute activity. 
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The activity after chymolrypsin activation increases with elongation of incubation time in 
both species (Fig. 4); the highest activity is reached after 60 min of incubation. After activation 
with ethanol the molecular weight (MW ) of the PO-active band in SDS-PAGE does not differ 
from unactivated hemolymph whereas after activation with a-chymotrypsin two different bands 
occur with lower MW (XYLAN DER & BOGUSCH, 1992), indicating that during ethanol 
activation * in contrast to a-chymotrypsin - a conformational change of the proPO leads to its 
activity rather than a protein cleavage. 


Source. 
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maximum qd^viry 
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incubation time | min | 

I Chicobolos ? -• I ftbdpidoslreptus 
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FiG. 4, — PO activity after prdneubation of 
hemolymph samples [min i mi 
h e m o ! y m p h - t ], from 
Rhapidostreptus virgator and 
Chicohotus sp, with bovine a- 
ehymotrypsin for 1, I0, 30 and 60, 
The activity of the PO increases in 
both species with duration of 
ehymotrypsin incubation. 
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Fig. 5, — Activity of ethanol and of c - 
chymotrypsin activated and 
un activated hemolymph samples 
[min * ml hemolymph-f] from 
Rhapidast replus and Chico bolus 
with or without potential PQ- 
inhibitors. 


maximum activity 



pH 


Fig 6. — Activity of PO [min-l ml 
hemolymph^I] from the hemolymph 
of Chicobalus at different pH, 


Source MNHN. Paris 
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7. — Pol yacrylam id-gel (7.5% 
aery I am id) of hemolymph (tH) 
and hemocyte lysate (Hz) of 
Lit ho hi us forftrains f i). 
Rhapidosirepms \ and 
C h ic o hoi u .v (Cl'i), with 
subsequent reactivation or 
enzymes by incubation in a 2% 
Triton-X JOO aquaeous solution 
for 30 min* washing in buffer 
and incubation in an <>.02 M 
dopa solution m 0.0 3 M 
cacodyiate buffer (pH 7.0) At 
the position of reactivated PO 
dopachrom and melanin is 
formed resulting in pinkish and 
later brownish or black band. 
Molecular standard (SDS-6H. 
Sigma, Munich) run in the same 
get indicates the MW of the PO 
(corresponding at about 230 kD 
in all three species). 
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8 PAGE of hemocyte lysate, total hemolymph and plasma of Rhapidostreptus (run under the same conditions and 
with subsequent procedure described lor Fig. 7i The Jett pan ol the gel was stained with Coomassic Brt 1 lam 
Blue, the right treated as described for Fig. 7). No difference in MW is visible 


Soufve 



416 


WiLLl E. R. XYLANDER 


OClivitv 



Fjg. 9. PO-aciiviiy of Chicobotux in the 
hemocyte lysate (obtained after 
moderate centrifugation at about 60- 
100 g at 4"C for 10 min) and 
hemolymph after ethanol 
activation. 


hemolymph ■ ■.. / 



Ftg 10 — Staining capabilities of 

hemocyte monolayers (in % of each 
hemocyte lype) on glass slides of 
C htcobolus after ethanol activation 
and dopa incubation. 


Microbial activators (zymosan, niurein, bacterial lipopolysaccharides) which are potent 
inductors of PO-reaction in other arthropods have little effect neither on total hemolymph nor on 
hemocyte lysate (Figs 2 & 3 and unpubl. results); therefore, another activation mechanism may 
occur in Diplopoda than in Decapoda and Insecta. 

Dopa is the substrate used best by the PO of EtOH-activated hemolymph from 
Rhapidostreptus and Chicobolus as dopamin and pyrrogallol are less effectively used and 
tyrosin, pyrocatechol and norephedrin hardly at all (see also XYLANDER & BOGUSCH, 1992). 

The PO can be inhibited in the two diplopods and Lithobius by phenyl thiourea and at least 
in the diplopods by EDTA and EGTA (Fig. 5) indicating that the PO is of the tyrosinase-type 
and Ca2+ dependend. The pH-optimum of the PO in both diplopods is pH 7.0. although the 
activity is rather high between pH 6.0 and 8,0 (Fig. 6: sec also XYLANDER & BOGUSCH. 1992 
for results on Rhapidostreptus), 

SDS-PAGE under non-reducing conditions 

After SDS-PAGE under non-reducing conditions, reactivation of enzymes by incubation in 
Triton-X 100 and incubation in dopa brownish lo black bands occur at the position in the gel of 
the PO and proPO, respectively. The proPO has corresponding molecular weights (MW) of 
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about 230 kD in Lithohius , Rhapidostreptus and Chicobolus (Fig. 7). After incubation with 
a-chy mo trypsin the MW is reduced to about 200 and 180 kD whereas BtOH has no such effect 
t XylanDER & BOGllsch, 1992). PO-active bunds have the same MW in hemocyte lysate, total 
hemolymph and plasma of Rhapidostreptus (Fig. 8). 

Localization of the proPO 

After moderate centrifugation of hemolymph of Rhapidostreptus virgator at 4°C at about 
60-100 g, resuspension and sonification of the hemocyte pellet the activity was mainly (about 
80%) found in the hemocyte lysate whereas only little (about 20%) occurred in the plasma 
(XYLANDER & BOGUSCH, in prep.); hemolymph samples from the same pool not centrifuged 
had about the sum of plasma and hemocyte lysate activity. Investigations with Chicobolus with 
the same procedure led to degranulation of hemocytes and artificially high activity in the plasma 
(Fig. 9); if hemolymph was poured into the same amounts of ice-cold hemocyte stabilizing 
buffer (after SODERHALL et a!.. 1979) about half of the activity Gccured in the hemocytes. 

Investigations of glutaraldehyd-fixed hemocyte monolayers of Rhapidostreptus and 
Chicobolus after activation with ethanol and subsequent dopa-overlay showed (hat PO-aclivitv 
oeeured mainly in the granular hemocytes (with different intensities which could be designed to 
two types of granular hemocytes with different spreading capabilities; FIG. 10). Plasmatocytes 
remained unstained whereas the prohemocytcs showed high variability in their PO-reaction 
(Figs 10 & li}. PTU in control hemocyte monolayers inhibits intracellular PQ reaction in both 
species. 

Exocytosis of the PO system in Rhapidostreptus cannot be initiated by addition of 
solutions of various microbial cell wall components as it has been found in insects and 
crustaceans (JOHANSSON & SODERHALL. 1985. 1989a. b, c). 



h’rti- It — Granular hemocytes and plasmatocytes of Chicobolus in a hemocyie monolayer. A. Phase contrast, B, Bright 
Meld. Only the stained granular hemocytes arc visible under these conditions. P: plasmatocytes: G: Granular 
hemocyte; U: Pmhemocyte. 
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DISCUSSION AND CONCLUSION 

As in other arthropods the PO of diplopods occurs in the hemolymph as inactive proPO. 
Activators found to be efficient in the diplopods also have been reported to activate the proPO of 
insects and crustaceans (cf. ASHIDA & YAMAZAKI, 1990: GOTZ, 1988; JOHANSSON & 
SODERHALL. 1989b). However, microbial cell wall components (murein, B-l .3-glucans, 
lipopolysaccharides from outer cell membrane of Gram-negative bacteria) which activate the 
proPO in insects and crustaceans < ASHIDA et al .. 1983: ASH1DA & SODERHALL, 1984; ASHIDA 
& YOSHIDA. 1988; JOHANSSON & SODERHALL, 1989b; SMITH & SODERHALL, 1983; 
SODERHALL, & HALL. 1984: SODERHALL & UNBSTAM. 1979: SODERHALL et al., 1988) and 
have been considered to be the inducers of in vivo PO-reactions did not have any effect on 
diplopods with the system used (XYLANDER, 1992; XYLANDLR & BOGUSCH, 1992, this 
paper). Regarding other capabilities (PTU- inhibition, pH-optimum, Ca2+ dependence, 
preference for dopa as substrate) the proPO and PO of diplopods correspond to that of insects, 
crustaceans and the few chilopods investigated. 

The MW of the two diplopods and Litlwbius ranges at about 230 kD. This is higher than 
most data found in most insects and crustaceans the PO and proPO of which have a MW of 60- 
80 kD; however, corresponding MW (higher than 200 kD) have also been reported for various 
crustaceans and insects iNellaiappan et al.. 1989; Yamaura et al., 1980). Aspan & 
SODERHALL (1991) and GIL LESPIE et al. (1991) reported that the proPO tends to aggregate to 
form polymeres indicating that the bands found could be a distinctive polymere (tetramere?) of 
the proPO (cf. ASPAN & SODERHALL, 1991). Own investigations using gel filtration 
chromatography of hemolymph of Rhapidostreptus (data not shown), however, also led to MW 
of more, than 230 kD of the proPO. 

Whether the proPO of arthropods occurs mainly free in the hemolymph or in the 
hemocytes depends on the taxon investigated. In most insects and all crustaceans investigated, 
the proPO is predominantly located in the hemocytes; it is discharged and activated after 
infections (cf. JOHANSSON & SODERHALL, 1989b: ASHIDA & Yamazaki, 1990}. In some 
insects, however, the proPO is reported to occur free in the plasma (GQTZ et al, 1987. Saul et 
al. , 1987). In Rhapidostreptus the majority of the proPO is also found intracellularly 
(XYLANDER & Bogusch, m prep.), whereas in Chicobolus (probably as a preparation artifact 
due to unsufficient stabilization of hemocytes in a crayfish saline) only about 50% are found in 
the hemoeyte lysate. 

In all diplopods and chilopods investigated the granular hemocytes are the site of proPO 
localization (BOWEN, 1968: KRISHNAN & RAVINDRANATH, 1973; NEVERMANN et al. , 1991: 
XYLANDER & NEVERMANN, 1993). whereas only few plasmatoeytes show a faint staining after 
dopa incubation: the spherulocytes of chilopods are PO negative (NEVERMANN et al. , 1991; 
XYLANDER & NEVERMANN, 1993). In chilopods staining is rather slow in comparison to 
diplopods (XYLANDER & NEVERMANN. 1993). 

Although microbial cell wall components do not initiate exocytosis of the PO cascade as in 
crustaceans and insects (cf. reviews in JOHANSSON & SODERHALL, 1989b; ASHIDA & 
Yamazaki. 1990) rather strong melanization can be found at wound margins of diplopods. This 
indicates that the PO is activated after an injury or infection and is involved in subsequent 
immune response: one function of this enzyme may be to support rapid wound closure and to 
kill bacteria and fungi before they enter the hemocoel and may lead to dangerous infections. 
Furthermore, an intracellular activation has been found in hemocylic aggregates around foreign 
material in vitro and in vivo (NEVERMANN, 1989; NEVERMANN & XYLANDER. this volume). 
As in other arthropods where intracellular activation has been reported (VOLKMANN, 1991: 
NAYAR. et al. , 1992) the ‘‘melanized hemocytes” in the capsule may constitute an efficient 
barriere for metabolic waste from potential parasites and invaders on one hand and for nutrients 
from the hemolymph necessary for their survival on the other hand. Thus melanized hemocytes 
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may support the function of a mu)tilayered hemocyte capsule formed around parasites as a 
typical cellular defence reaction of arthropods. 
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